The photo-stability of simulated free and bound amino acids exposed to photon sources of 1.2-1.3 MeV γ -rays from a 60 C
Introduction
In extraterrestrial environments, corpuscular beams such as protons or electrons and photon beams such as γ -rays or ultraviolet (UV) are universally present, and these energy sources facilitate the formation of interstellar or interplanetary organic compounds from cosmic media . In fact, steady progress has been made in the identification of organic compounds in extraterrestrial environments by telescopic observation (Kuan et al., 2003 (Kuan et al., , 2004 and through the examination of meteorites (Cronin et al., 1988) . Telescopic observation of astrobiologically interesting organic compounds in extraterrestrial environment were systematically reviewed by Ehrenfreund and Charnley (2000) : gas phase and grain surface formation pathways to organic molecules in dense interstellar clouds, using recent observations with the Infrared Space Observatory (ISO) and ground-based radio-telescopes. The main spectroscopic evidence for carbonaceous compounds in the diffuse interstellar medium is discussed regarding UV bump at 2200Å, diffuse interstellar bands, extended red emission, and infrared absorption and emission bands. The evolution, survival, transport, and transformation of organics is monitored, from molecular clouds and the diffuse interstellar medium to their incorporation into solar system material such as comets and meteorites (Ehrendfreund and Charnley, 2000) .
Carbonaceous chondrites, in particular, carry the abiotic
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record of proto-solar systems and primitive chemical evolution (Cronin et al., 1988; Cottin et al., 1999) . Successful detection of enantiomeric excess of amino acids in the Murchison and Murray meteorites leads to a persuasive scenario for the exogenous origins of homochirality (Cronin and Pizzarello, 1997; Pizzarello and Cronin, 2000) . Since the pioneering laboratory experiment by Miller (1953) , numerous kinds of simulation experiments for the study of prebiotic formation of organic compounds have been performed. Among these, Kobayashi et al. (1995 Kobayashi et al. ( , 1998 showed that a wide variety of organic compounds can be formed from mildly reduced gas mixtures by introducing high energy particles and that the yield of the products depends on the energy deposit. Recently, the prebiotic formation of amino acids at the extreme low temperature of 10 K was examined on an ice film (Briggs et al., 1992; Bernstein et al., 2002; Munoz Caro et al., 2002) . The relationship between the formation of amino acid precursors and the energetics of nitrogen fixation was also evaluated in a simulated ice mantle of interstellar dusts in molecular clouds at 10 K (Takano et al., 2003) . Kasamatsu et al. (1997) showed that amino acid precursors (molecules which are hydrolyzed to amino acids) could be formed by irradiating an icy mixture of carbon monoxide, ammonia and water with high energy protons. The energy yields (G-value rate, the number of formed molecule/100 eV of glycine) with γ -rays and UV irradiation were found to be independent of the starting material phase (Takano et al., 2002; Kobayashi et al., 2004) .
Amino acids are the most familiar organic compounds since they are essential for the generation of life and the terrestrial biosphere. Primary products in irradiation experiments of chemical evolution are not free amino acids (monomer constituents), but amino acids precursors (Kobayashi et al., 1995 (Kobayashi et al., , 1998 . Prebiotically synthesized amino acids and nucleic acid bases (Kobayashi and Tsuji, 1997; Miyakawa et al., 2002) are detected in chromatograms after acid hydrolysis. However, only trace amounts of glycine could be detected among the experimental products prior to acid hydrolysis. Free amino acids might also be released from bound organic precursors in meteors by abiogenic processes such as hydro-alteration (e.g. Bernstein et al., 2002) . Another difficulty in detecting free amino acid analogs in meteors is that they must remain intact despite bombardment with cosmic radiation such as γ -rays or UV irradiation while traveling to the Earth. Ehrenfreund et al. (2001) demonstrated laboratory studies testing the stability of amino acids against UV photolysis: two biological and two non-biological amino acids have been irradiated in frozen Ar, N 2 , and H 2 O in order to simulate astrophysical conditions in the interstellar gas and on interstellar grains. The rate of photolysis is rather insensitive to the amino acid structure and to the ice matrix. However, UV photon does not penetrate ice mixtures up to 0.2 µm for N 2 and H 2 O ices (Ehrenfreund et al., 2001) . Hence interior portion of organic compounds within icy mixtures will intact against UV photolysis. γ -rays irradiation experiment are useful for stability demonstration not only bounds compounds but also free one.
Here we examine the stability of free and bound amino acids under irradiation with γ -rays and UV photons. Significant implications for the study of amino acid morphology in extraterrestrial environment were learned from comparisons of the photo-stability.
Experimental Procedure
Mixtures (10 −5 mol/l) of free and bound amino acids in aqueous solution were made from a mixture of 16 free amino acid standards (AN-II; WAKO Pure Chemical Industries, Ltd., Japan) and human serum albumin (ca. 65,000 Da, WAKO Pure Chemical Industries, Ltd. Japan), respectively. Human serum albumin is one of globulin proteins, which is treated as a model of bound amino acids. Mixtures were prepared in de-ionized water that was further purified with a Millipore Milli-Q LaboSystemTM and Millipore Simpli Lab-UV (Japan Millipore Ltd.) to remove both inorganic ions and organic contaminants.
The free and bound amino acid aqueous mixtures were sealed in glass tubes under air after degassing by ultrasonication and irradiated with γ -rays (1.2-1.3 MeV) at a dose rate of 7.15 J/h from a 60 Co source at the Research Center for Nuclear Science and Technology, University of Tokyo. Dose rate, which was measured with a Fricke dosimeter (Ikeda and Suzuki, 1998) . Then, the mixtures were subjected to UV photon (wavelength, over 160 nm) under a 150 W deuterium lamp (L1835; Hamamatsu Photonics) equipped with a UV irradiation window and a synthesized quartz window at a dose rate of 2.05 J/h for 24 hours (Takano et al., 2002 (Takano et al., , 2003 Kobayashi et al., 2004) . Since irradiation window was attached with quartz window, above 160 nm wavelength was obtained. The irradiation experiments were performed at room temperature under ambient atmosphere. Blank runs were also performed in the same manner.
Since our photolysis experiments might produce amino acids and/or amino acid precursors, and this could change the apparent photo-stability, we looked for and were able to discern the survivability of amino acids using HPLC (see Fig. 3 Each slope and half-life (t 1/2) were determined by semi-logarithmic relationship. The stability of amino acids were compared with the ratio of bound analogs per free analogs. J 1/2 stands for half of corresponding energy deposit. n.d. is not determined.
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and results, Section 3.1). Following irradiation, an aliquot of the irradiation products were hydrolyzed with 6 mol·dm −3
HCl at 110
• C for 24 hours, then evaporated to dryness, and adjusted to pH 1 (Takano et al., 2001) . Amino acids in the hydrolyzed fraction were analyzed by ion-exchange high performance liquid chromatograph (HPLC) system using post-column derivatization with o-phthalaldehyde and Nacetyl-L-cystein. The HPLC system was composed of two HPLC pumps (Shimadzu LC-6A), a cation exchange column (4 mm i.d. 150 mm; Shimpak ISC-07/S1504), a post column derivatization system, and a Shimadzu RF-535 fluorometric detector (excited wavelength, 355 nm and emission wavelength, 435 nm). The temperature of the column was maintained at 55
• C. Gradient elution was performed using eluents A (0.07 M sodium citrate perchloric acid, pH 3.20 with 7% ethanol) and B (0.2 M sodium citrate boric acid-NaOH, pH 10). The flow rate of the carrier was 0.3 ml/min. The data reproducibility in the present procedure are better than ±5% for relative molar concentrations of the amino acids. Prior to use, all glass ware was heated at 500
• C in a high temperature oven (Yamato DR-22) to eliminate any possible contaminants.
Result and Discussion
The stability of free and bound amino acids. Typical ion-exchange chromatograms of free amino acids following γ -rays irradiation are shown in Fig. 1 . The concentrations of free amino acids drastically decreased with increasing duration of irradiation. However, apparent concentrations of bound amino acids in the protein solutions decreased only slightly during the irradiation experiments. The semi-logarithmic linear relationship found between the rela- Fig. 3 . Possible pathway of formation of β-alanine and γ -aminobutyric acid from aspartic acid and glutamic acid, respectively, as secondary amino acids by γ -rays and UV irradiation. This process was observed from both fraction of free and bound amino acid analogs.
tive abundance of amino acids and irradiation time is shown in Fig. 2 . As shown in Figs. 2(a) and 2(b), the bound amino acids are more stable than the free analogs; for example, the half-lives (t 1/2 ) of bound serine and threonine under γ -rays irradiation are more than 10.6 and 27.9 times longer, respectively, than the free analogs. The half-lives (t 1/2 ) of bound valine and leucine in γ -rays irradiation are more than 17.5 and 12.6 times longer, respectively, than that of the frees.
Other amino acids for which the bound analogs was generally more stable than that of the free analogs are shown in Table 1 . Tyrosine and phenylalanine with aromatic constituents are unstable in the monomer soluble condition, but are far more stable during irradiation as bound analogs. This quantitatively shows that bound analogs are much more stable than free analogs when subjected to γ -rays and UV irradiation. The present data clearly carries significant implications for the fate of amino acids under irradiation in asteroids and comets; free amino acids hardly survive, while bound amino acids, including amino acid precursors remain intact. Secondary products of β-alanine and γ -aminobutyric acid. γ -aminobutyric acid were detected in free and bound analogs during irradiation (Fig. 1) . In another irradiation experiment using γ -rays and UV irradiation on aspartic acid and glutamic acid solutions, β-alanine and γ -aminobutyric acid, respectively, were produced. It has been reported that aspartic acid and glutamic acid may undergo α-decarboxylation by a pyrolysis reaction, that is, glutamic acid is altered to γ -aminobutyric acid by decarboxylation at the α-carbon (Ratcliff et al., 1974) . In terrestrial organic sediments, similar observations are made in the early stages of natural sedimentary alteration or diagenesis (Cowie and Hedges, 1994; Takano et al., 2004a) . Consequently, secondary amino acids β-alanine and γ -aminobutyric acid might be formed by radio-or photo-decomposition processes from aspartic acid and glutamic acid, respectively (Fig. 3) .
In the present paper, we used mixtures of multiple amino acids. However, because irradiated amino acids may be altered to form glycine by radio-or photo-decomposition processes and methionine is known to undergo hydrolytic loss during acid hydrolysis (Andersson et al., 2000; Takano et al., 2004a Takano et al., , 2004b , these amino acids were excluded from the quantitative evaluation in Table 1 .
Detection of extraterrestrial amino acids by telescopic method. In the search for extraterrestrial amino acids, the simplest amino acid, glycine, has been the target of telescopic observation in the interstellar medium (Snyder, 1997) . Because glycine plays a key role in the formation of proteins and other biological molecules, it is worth resuming this research, which has been largely unsuccessful until recently. The possible presence of glycine in molecular clouds was reported (Snyder, 1997), but the signal has not been confirmed yet (Ohishi, 2000) . Recently, successful detection of possible interstellar glycine was reported by Kuan et al. (2003 Kuan et al. ( , 2004 . Hence, the discovery of interstellar glycine may strengthen the exogenous study that interstellar molecules could have played pioneering role in the prebiotic chemistry of the early Earth.
Thus the difficulty in finding glycine might be consistent with the present results showing that intact monomer amino acid analogs are rare in extraterrestrial environments, while bound amino acid precursors are easily detected in the analysis of meteorites (Cronin et al., 1988) and produced in laboratory simulation experiments (Kobayashi et al., 1995 (Kobayashi et al., , 1998 Kasamatsu et al., 1997) . As to simulation experiment of proton irradiation which is main component of cosmic rays, Takano et al. (2004c) experimentally verified the abiotic formation of high-molecular-weight organics from an interstellar medium gas mixture of carbon monoxide, ammonia, and water as a result of 3-MeV proton irradiation from a Van de Graaff accelerator. Then the irradiation products included amino acid precursors and the molecular weight distribution ranged from several hundred to a maximum of 3,000 identified by Gel Filtration High Performance Liquid Chromatography (HPLC) system. The primary irradiation products were proved to be not free amino acid analogs but were bound amino acid precursors having high-molecular-weight. In addition, high-molecular-weight organic matter synthesized from gas mixtures of carbon monoxide, ammonia and water vapor were irradiated with a 3 MeV proton beam in order to analyze by Curie-point pyrolysis with detection by a gas chromatograph and a mass spectrometer (Pyr-GC-MS) (Takano et al., 2004d) . Pyr-GC-MS experiment gave a wide variety of organic compounds, not only a number of amide compounds, but also heterocyclic and polycyclic aromatic hydrocarbons (PAHs) among the products of the pyrolysis (Takano et al., 2004d) . Detection of biologically interesting compounds, such as glycolamide (HOCH 2 CONH 2 ), is also cosmochemically interesting. The pyrolysis experimen-tal data also shows that primary and primitive organic matter serving as "bound precursors" to bioorganic compounds, such as amino acids, nucleic acid bases, and sugar, might have been formed in a gaseous mixture of similar composition to that of the interstellar dust environment (Takano et al., 2004d) . Consequently, the delivery of exogenous organic carbon containing bound amino acid precursors by comets and meteorites may have played an important role in the early stages of chemical evolution on the Earth (Cottin et al., 1999) .
Conclusions
The following characteristics with regard to photostability of free and bound amino acids by γ -rays and UV irradiation experiments were found: 1) Increasing duration of γ -rays and UV irradiation drastically decreased free amino acid analog and slightly decreased bound amino acid analog concentrations. Hence, the photo-stability of bound amino acid analogs was greater than that of free amino acid analogs under high-energy photons.
2) Radio-or photo-alteration processes produce secondary amino acid products via decomposition of the α-carboxylic group. Aspartic acid and glutamic acids are converted to β-alanine and γ -aminobutyric acids by γ -rays and UV irradiation, and α-decarboxylation photolysis of these dicarboxylic amino acid were observed.
